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Abstract We present simulations performed with six lightning parameterizations implemented in the
Community Atmosphere Model (CAM5). The amount of lightning-produced nitrogen oxides (LNOx) by
the various schemes considered is estimated. We provide some insight on how the lightning NO injected in
the atmosphere influences the global concentrations of key chemical species such as OH, HO2, H2O2, NOx,
O3, SO2, CO, and HNO3. The vertical global averaged densities of HO2, H2O2, CO, and SO2 are depleted
due to lightning while those of NO, NO2, O3, OH, and HNO3 increase. Our results indicate that the
parameterizations based on the upward ice flux (ICEFLUX) exhibit the largest global and midlatitude
spatial correlations (0.73 and 0.632 for ICEFLUX and 0.72 and 0.553 for cloud top height) with respect to
satellite global flash rate observations. Five out of the six lightning schemes investigated exhibit larger
LNOx per flash in the midlatitudes than in the tropics. In particular, it is found that the ICEFLUX
midlatitude LNOx per flash exhibits the largest difference with respect to its predicted tropical LNOx per
flash, in agreement with available observations. When using CAM5, the ICEFLUX lightning
parameterization could be considered a reliable lightning scheme (within its intrinsic uncertainties) in
terms of its geographical distribution. Both ICEFLUX and cloud top height results agree with the
enhancements of NO2 and O3 produced by lightning over tropical Atlantic and Africa and the weaker
lightning background over the tropical Pacific reported by Martin et al. (2007) in the periods and locations
(upper troposphere) where lightning is expected to dominate the trace gas observations.

1. Introduction
Lightning is one of the most energetic natural phenomena taking place in the atmosphere of the Earth and
one of the major sources of nitrogen oxides (NOx = NO + NO2) in the troposphere influencing the global
atmospheric chemistry (Schumann & Huntrieser, 2007). In spite of this, the source rate of lightning-induced
nitrogen oxides (LNOx) remains not well known due to the difficulties in measuring it. Lightning contributes
not only to the global amount of NOx (Grewe et al., 2004; Liaskos et al., 2015) but also to the chemical balance
of other important trace gases such as ozone (O3) (Finney et al., 2016; Grewe, 2007; Wild, 2007), hydroperoxyl
radical (HO2), hydrogen peroxide (H2O2) or the hydroxyl radical (OH) (Labrador et al., 2004; Liaskos et al.,
2015) that controls the oxidizing capacity of the atmosphere and the lifetime of many anthropogenic and
natural molecular compounds (Schumann & Huntrieser, 2007). The influence of LNOx on the global levels
of other atmospheric chemical components such as, for instance, carbon monoxide (CO), nitric acid (HNO3),
or sulfur dioxide (SO2), is not well known either.

Many studies in the last three decades have contributed to determine the amount of LNOx by extrapolating
local measurements of NOx from single lightning or regional storms to the global scale (Apel et al., 2015;
Chameides et al., 1987; DeCaria et al., 2005; Huntrieser et al., 1998; Price et al., 1997; Ridley et al., 2005)
with the best estimate value to date of about 5 ± 3 Tg N year−1 (given in nitrogen atom mass units per year)
and an average value of 250 mol NO per flash (Schumann & Huntrieser, 2007).

Important efforts have been done during the last two decades (since late 1990s) in order to try to reduce
the large uncertainty of the global LNOx values and to understand the fundamental influence of upper
tropospheric (UT) thunderstorm outflows on the UT and lower stratosphere (LS) O3 and NOx contents
(Huntrieser et al., 2016a, 2016b). This progress has been possible due to the availability of lightning detec-
tion from space (Cecil et al., 2014; Christian et al., 2003) and satellite observations of global distribution
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of NO2 columns by instruments such as GOME Burrows et al. (1999), SCIAMACHY (Beirle et al., 2010;
Bovensmann et al., 1999), OMI (Levelt et al., 2006; Pickering et al., 2016) or GOME-2, (Miyazaki et al., 2017).
Also important are the numerous airborne multi-instrument measurements of thunderstorms mainly car-
ried out since the mid-1980s in regions of North America (PRE-STORM in 1985, Luke et al., 1992, TRACE-A
in 1992, Pickering et al., 1996, DC3 in 2012, Barth et al., 2015; Huntrieser et al., 2016a, 2016b; Pollack et al.,
2016), South America (GTE/ABLE in 1985, (Torres & Buchan, 1988), (Baehr et al., 2003), TROCCINOX in
2004–2005, (Huntrieser et al., 2007), RELAMPAGO-CACTI in 2018–2019, (Nesbitt et al., 2017), and Africa
(AMMA campaign in 2006 Redelsperger et al., 2006), where lightning activity is specially strong.

The availability since the 1990s of lightning observations from space (low-Earth orbit) has allowed to estab-
lish empirical relationships (parameterizations) between lightning frequency and meteorological variables.
Some of these lightning schemes are based on the cloud top height (CTH) by Price and Rind (1992), mar-
itime upgraded CTH or CTH-M (that improves the CTH geographical lightning flash distribution over the
oceans) by Michalon et al. (1999), updraft strength (US) by Grewe et al. (2001), convective precipitation (CP)
at the surface (for precipitation stronger than 7 mm/day) and on the upward mass flux (MFLUX) at 440 hPa
both proposed by Allen and Pickering (2002). Other lightning parameterizations are based on a combina-
tion of convective precipitation and convective available potential energy (CPCAPE) by Romps et al. (2014),
or on the upward ice flux at 440 hPa (ICEFLUX) by Finney et al. (2014). Scale factors are generally used
to match the global lightning frequency (in flashes per minute) from different lightning parameterizations
to the global lightning frequency reported by the Optical Transient Detector (OTD) and by the Lightning
Imaging Sensor (LIS).

Since the mid-1990s global models and reanalysis data have been testing different lightning schemes. The
study by Tost et al. (2007) using four lightning parameteriations (CTH, CP, MFLUX, and US)—with several
convective schemes—in the ECHAM5/MESSy model showed a wide range in the spatial and temporal vari-
ability of the simulated lightning flash densities. This was attributed to both types (convective and lightning)
of parameterizations.

The work by Finney et al. (2014) using five lightning parameterizations (including CTH, CP, MFLUX, and
the new ICEFLUX scheme) with the same convective scheme throughout the ERA-Interim global atmo-
spheric reanalysis data product (from 1989 to present) showed that ICEFLUX exhibited the greatest spatial
correlations with observations. This resulted in a more realistic and better balance between the tropical and
subtropical lightning flash densities.

A recent study by Clark et al. (2017) implemented eight lightning parameterizations in the Community
Atmosphere Model version 5 (CAM5) to investigate their performance in present and future climate scenar-
ios between 38◦S latitude and 38◦N latitude and with a 13-year analysis period. Clark et al. (2017) restricted
their study to the analysis of the lightning frequency.

In the present paper we have explored not only the global lightning frequency but also how lightning affect
the global atmospheric chemistry depending on the selected lightning parameterization. We have analyzed
four of the lightning parameterizations (CTH, CTH-M, CP, and MFLUX) considered by Clark et al. (2017)
plus the CPCAPE and ICEFLUX lightning schemes recently proposed by Romps et al. (2014, 2018) and
Finney et al. (2014), respectively.

We use CAM5 to explore the influence of lightning on the global atmospheric chemistry. For this particular
model, the different annual mean flash density productions by the six lightning parameterizations men-
tioned above have been calculated and validated. The validation is done by comparing the spatial correlation
between 60◦S latitude and 60◦N latitude of the lightning flash rate predicted by each parameterization with
available observations by OTD since 1995 and by LIS since 1997 until 2014 (Cecil et al., 2014; Christian et al.,
2003). Once this is done, we compare our calculations of the considered lightning parameterization's LNOx
with the consensus estimate of 5 ± 3 Tg N year−1 (Schumann & Huntrieser, 2007). Since 2007, a number of
LNOx estimates based on satellite observations have also become available (Beirle et al., 2006, 2010; Martin
et al., 2007) and more recently the work by Marais et al. (2018) with a satellite-based estimate for LNOx of
5.9 ± 1.7 Tg N year−1 located at the lower edge of the range given by Schumann and Huntrieser (2007). Also
some recent estimates have been published of ∼9 Tg N year−1 (Nault et al., 2017), that are located just above
the upper edge of the range given by Schumann and Huntrieser (2007). Their higher estimate is connected
to a shorter lifetime of NOx than considered until recently.
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Important trace gases for the lightning chemistry are NO, NO2 that influence on the abundances of O3, OH,
HO2, and H2O2. The hydroxyl radical (OH) is a key agent in the oxidizing capacity of the atmosphere which
controls the global concentration of tropospheric O3 and H2O2 and influences the lifetime of a large num-
ber of anthropogenic and natural compounds like CO and SO2. Under clean air conditions, OH is mainly
produced by O3 photolysis and reactions of the resultant atomic oxygen with water vapor. Under more pol-
luted conditions in the troposhere, OH is also formed by photolysis of NO2 during the oxidation of CO
and methane (CH4) and nonmethane hydrocarbons (Schumann & Huntrieser, 2007). In “NOx-saturated”
regions, an increase of NOx, by reactions with HO2 and NO2, reduces the HO2/OH ratio, and the production
rate of O3 (Schumann & Huntrieser, 2007). Finally, part of the NO2 reacts with OH producing HNO3.

The next section describes CAM5, the various lightning parameterizations considered, the simulation pro-
cedure followed and the type of lightning data used. Section 3 is devoted to evaluate and discuss the
results obtained by comparing the different lightning schemes and the impact of lightning on the global
concentrations of chemical species. This is followed by a summary and conclusions section.

2. Model and Lightning Data
We use the Community Atmosphere Model version 5 (CAM5) that covers the altitude range from the surface
up to approximately 3.6 mbar (≃40 km). This is of interest because, though lightning sources stay in the
troposphere, transport mechanisms could move lightning chemistry products to higher altitudes (LS). For
this reason our simulations extend up to ≃40 km (though we only show altitude plots up to 30 km).

CAM5 is the atmospheric component of the Community Earth Climate System Model (CESM Version
1.2) and includes all the physical parameterizations of CAM4 (Marsh et al., 2013; Tilmes et al., 2015) plus
many other physical processes and improvements not included in CAM4 like tropical convection (Tilmes
et al., 2015).

CAM5 is fully coupled to tropospheric and stratospheric chemistry, referred hereafter as CAM5-Chem, and
shows a reasonable representation of present-day atmospheric composition in the troposphere and strato-
sphere (Tilmes et al., 2015). The atmospheric chemistry in CAM5-Chem is based on Version 4 of the Model
for OZone And Related chemical Tracers (MOZART 4) for the troposphere (Emmons et al., 2010) includ-
ing extended stratospheric chemistry (Kinnison et al., 2007) and further updates (Lamarque et al., 2012;
Tilmes et al., 2015) together with the Modal Aerosol Model with three modes (MAM3) (Liu et al., 2012).
CAM5-Chem considers 183 species (plus 25 more introduced by MAM3) and 472 chemical reactions includ-
ing photolysis, gas-phase (neutral and ionic) chemistry and heterogenous chemistry in both the troposphere
and LS. The reaction rates used are those of the JPL2010 recommendations (Sander et al., 2011).

2.1. Lightning Parameterizations
General Circulation Models (GCMs) do not explicitly simulate the microphysics of the electrification pro-
cess in thunderstorms producing lightning nor their subsequent production of NOx and its coupling to the
tropospheric and stratospheric chemistry. Therefore, since lightning is treated as subgrid atmospheric phe-
nomenon in GCMs, lightning frequencies (number of flashes per minute within a grid box at a given latitude
and longitude) and also, sometimes, the associated NOx production are parameterized as a function of differ-
ent meteorological variables in the models. At present there are no global models which explicitly simulate
the storm electrification process. The use of lightning schemes introduces uncertainties (that one need to be
aware of) in the modeling of lightning frequency together with the lightning NOx formation and resultant
tropospheric chemistry.

Moreover, global models do not simulate either the microphysics and chemical output of new types of tran-
sient atmospheric electrical phenomena such as Sprites (Franz et al., 1990), Blue Jets (Gordillo-Vázquez
& Donkó, 2009; Wescott et al., 1995), Halos (Parra-Rojas et al., 2013) and Elves (Inan et al., 1997;
Pérez-Invernón et al., 2018). The global chemical impact of Sprites (Arnone et al., 2014) and Blue Jets
(Pérez-Invernón et al., 2019) has been recently explored with GCMs.

By default CAM5 uses the CTH lightning parameterization (Price & Rind, 1992). We have evaluated a total
of six lightning parameterizations in CAM5 using scale factors to match the global lightning frequency (in
flashes per minute) resulting from each of the lightning parameterizations considered to the global light-
ning frequency observed by OTD/LIS. Two of the lightning parameterizations are based on the convective
CTH above ground, hereafter called the CTH lightning scheme proposed by Price and Rind (1992) following
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previous investigations by Vonnegut (1963) and Williams (1985) showing that lightning frequencies in con-
tinental thunderstorms are related to the fifth power of the cloud height. Because of the difference in cloud
dynamics between the continental and oceanic thunderstorms (maximum updrafts of continental and mar-
titime storms are, respectively, 50–60 m/s and 10 m/s) Price and Rind (1992) also proposed a new lightning
parameterization for marine thunderclouds after establishing a connection between the very weak updraft
velocity in marine thunderstorms (Jorgensen & LeMone, 1989) and marine convective cloud heights. How-
ever, due to the scarce observations of marine thunderstorms available in 1992, the maritime CTH lightning
parameterization considerably underestimates global observations reported later from space by OTD/LIS. In
this regard, the lightning parameterization proposed by Michalon et al. (1999), hereafter called CTH-M, is a
variation of the CTH lightning parameterization accounting for a correction of the CTH maritime lightning
flash frequency.

Two additional lightning schemes used in this work are based on the CP at the surface (only for precipitation
amounts stronger than 7 mm/day), hereafter called CP, and on updraft mass flux at 440 hPa, hereafter called
MFLUX (Allen & Pickering, 2002).

Finally, we have also considered two recently proposed lightning parameterizations. One by Romps et al.
(2014, 2018), hereafter called CPCAPE, based on the product of the CP and the convective available potential
energy (CAPE), and another one by Finney et al. (2014), hereafter called ICEFLUX, based on the upward ice
flux-lightning relationship. The ICEFLUX scheme motivated by previous results by Deierling et al. (2008)
showing that the upward ice flux displays a strong linear correlation with lightning flashes in a number of
observed storms in the US. The lightning parameterization by Finney et al. (2014) used here provides two
linear fits correlating the total lightning flash density of land (fl = 6.58 × 10−7𝜙ice) and ocean (fo = 9.08 ×
10−8𝜙ice) with the upward cloud ice flux (𝜙ice) at 440 hPa.

Of the six tested lightning schemes, only three (CTH, CTH-M and ICEFLUX) have separate parameteriza-
tions for land and ocean.

Five of the eight lightning schemes considered in the recent study by Clark et al. (2017) using CAM5 were
variations of the CTH parameterization by Price and Rind (1992), the other three were a cold cloud depth
(CCD)-based scheme by Yoshida et al. (2009), and the CP and MFLUX schemes proposed by Allen and
Pickering (2002). The results by Clark et al. (2017) indicate that in the present day, the annual mean lightning
flash densities in simulations constrained by reanalysis data show the highest global spatial correlation (r)
to satellite observations for lightning schemes based either on CTH (r = 0.83) or CCD (r = 0.80). Under
future scenarios, changes in global mean flash density are highly sensitive to the lightning scheme chosen,
with CTH schemes, a CCD scheme, and a scheme based on convective mass flux projecting large increases,
a mild increase and a decrease in lightning flash density, respectively (Clark et al., 2017; Finney et al., 2018).

2.2. Lightning NOx Calculation
Price and Rind (1993) showed that the ratio between intracloud (IC) and cloud-to-ground (CG) lightning
is linked to the thickness of the cold cloud region in thunderclouds (between 0 ◦C and cloud top), rather
than to the freezing level height. Price et al. (1997) presented the first global and seasonal distribution
of lightning-produced NOx (LNOx) based on the physical features of lightning strokes and on calculated
global lightning frequencies derived from the observed distribution of electrical storms provided by the
International Satellite Cloud Climatology Project (Rossow & Schiffer, 1991) between 1983 and 1991.

We have assumed a mean energy per CG and IC flash of, respectively, 6.7 × 109 J and 6.7 × 108 J, and a
NO molecule production rate per discharge energy of 1017 molecules NO/J, (Price et al., 1997), that is, we
consider here that CG lightning produces 10 times more NO than ICs, with 6.7 × 1026 molecules of NO per
CG flash and 6.7 × 1025 molecules of NO per IC flash. The assumption that there is a significant difference
between the IC and CG flash productions of NO is supported by theoretical and model estimates (Carey et al.,
2016; Koshak et al., 2014; Pickering et al., 1998; Price et al., 1997). The recent paper by Koshak et al.
(2014) presented results from the National Aeronautics and Space Administration Lightning Nitrogen
Oxides Production model—using theoretical and laboratory findings along with lightning mapping array
(LMA) data—that supports substantial differences between the IC and CG lightning production of NO
(Pickering et al., 2016). This analysis is further extended in Koshak (2014) using 9 years of North Alabama
LMA and National Lightning Detection Network data and obtained mean CG production of 604 mol per
flash and mean IC production of 38 mol per flash (Pickering et al., 2016). These important differences are
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moderated by previous cloud/chemistry modeling-based studies constrained by regional anvil aircraft obser-
vations that found smaller differences between the source strengths of IC and CG flashes (DeCaria et al.,
2005; Ott et al., 2007, 2010) that were extrapolated to estimations considered valid globally. Finally, very
high frequency LMAs show longer average channel lengths for CGs than ICs, and longer channel length
also means more LNOx (Koshak et al., 2014). CGs also have larger currents than ICs, which is related with
more LNOx production.

Acoustic data indicate that IC discharges are less energetic than CG ones (Holmes et al., 1971; Rakov &
Uman, 2003). One reason could be the decrease of the threshold value for electrical breakdown with altitude
(Schumann & Huntrieser, 2007). Moreover, the NO production seems to decrease with decreasing ambi-
ent pressure for the same energy and peak current (Goldenbaum & Dickerson, 1993; Wang et al., 1998).
Therefore, the productivity ratio IC LNOx/CG LNOx has been assumed to be 0.1 in early studies based on
estimates of cloud charges, electrostatic potentials and acoustical measurements of the energy of CG and IC
discharges (Kowalczyk & Bauer, 1981; Price et al., 1997), and this value has been used in many follow-on
studies (see Table 12 in Schumann & Huntrieser, 2007). On the other hand, some relatively recent analy-
ses of lightning observations and airborne measurements during STERAO (DeCaria et al., 2000), EULINOX
(Fehr et al., 2004; Ott et al., 2007), and CRYSTAL-FACE (Ott et al., 2005) with cloud model simulations
indicate that IC flashes produce about the same amount of NO as CG flashes (see Table 19 in Schumann &
Huntrieser, 2007). Note that the higher (close to 1) IC LNOx to CG LNOx ratio for STERAO and EULINOX
were derived using the ONERA very high frequency lightning detection system (Defer et al., 2001), which
may overestimate the z = IC/CG ratio. The derived IC LNOx/CG LNOx ratio could be even higher when the
z = IC/CG ratio is smaller (Schumann & Huntrieser, 2007). In contrast, the recent paper by Koshak et al.
(2014) shows results from the National Aeronautics and Space Administration Lightning Nitrogen Oxides
Production model—using theoretical and laboratory findings along with LMA data—that supports substan-
tial differences between the IC and CG lightning production of NO (Pickering et al., 2016), being this the
option chosen in this work. This election keeps consistency with the vertical distribution of lightning NOx
used in the preset work and originally proposed by Pickering et al. (1998) (that also adopted the assumption
of IC flashes being 10% as energetic as CG flashes).

Being the above said, one needs to be aware that the IC LNOx/CG LNOx ratio remains uncertain in the
scientific literature and that the election—also adopted by Pickering et al. (1998)—of IC flashes being 10% as
energetic as CG flashes have an influence in the vertical distribution of lightning NOx (Pickering et al., 1998)
as well as in the lightning-produced chemical calculations. As stated by Pickering et al. (1998), if IC flashes
contained less than 10% energy as CG flashes, the UT peak in the mass profiles might not be as pronounced.

The procedure followed to predict the LNOx per flash is based on (1) the computation with CAM5 of the cold
cloud thickness (region where the temperature goes from 0 ◦C to cloud top) followed by (2) the calculation
of the z = IC/CG ratio using the empirical relationship (Price & Rind, 1993):

z = IC
CG

= AdH4 + BdH3 + CdH2 + DdH + E (1)

where dH stands for the cold cloud thickness, A = 0.021, B = −0.648, C = 7.493, D =-36.54, and E = 63.09.
The proportion (%) of total lightning which is CG is given by p = 1∕(z+1) (Price & Rind, 1993). The polyno-
mial fit of equation (1) is only valid within the range of observed values, that is, 5.5 km < dH < 14 km (Price
& Rind, 1993). The relationship (1) shown above between the IC/CG ratio and the cold cloud thickness
was established using data for 139 thunderstorms in the western United States (US) during the summer of
1988 with a correlation factor of r = 0.81 (Price & Rind, 1993). Note that because equation (1) was derived
for the conditions of the western United States, its applicability to other regions of the world need to be
taken with care. The IC/CG ratio in different regions of the world might exhibit significant differences with
respect to equation (1) due to a number of factors like temperature, humidity, and geography. However, we
have the opinion that—even with equation (1) being only strictly valid for the region of the world (part of
North America) used for its derivation—it can be very illustrative for the readers to see approximate trends
of the IC/CG ratio that can provide insights on how LNOx is distributed between IC and CG lightning. A
final remark on equation (1) is that it was used in Pickering et al. (1998) to derive their vertical distribution
of lightning NOx that we have also adopted in this work (see section on lightning frequency). Pickering et al.
(1998) state that there are uncertainties in the application of equation (1) for periods of a few minutes
throughout the evolution of a storm.

GORDILLO-VAZQUEZ ET AL. 2321



Earth and Space Science 10.1029/2019EA000873

Since some tested schemes (CTH, CTH-M, and ICEFLUX) provide the total lightning flash frequency (CG
+ IC), while others (CP, CPCAPE, and MFLUX) only give the CG lightning flash frequency, we followed
a number of steps (detailed below) to compute the IC/CG ratio: (1) Use CAM5 to compute the cold cloud
thickness, from which we derive (using equation (1)) the z = IC/CG ratio, (2) if only CG is known (for CP,
CPCAPE, and MFLUX) we get IC flash counts from the computed IC/CG ratio, (3) if CG + IC is known
(CTH, CTH-M, and ICEFLUX), we get the proportion (p) of total lightning which is CG, that is, p = 1∕(1+z)
= CG/(IC + CG). Once we have individual CG and IC flash counts for each lightning scheme, we (4) evaluate
the global LNOx production (using equation (15) in Price et al., 1997) for each lightning scheme and, finally,
(5) divide the LNOx global production by CG and IC flash counts to get LNOx/CG and LNOx/IC, respectively.
Therefore, the IC/CG ratio is not prescribed in our study but calculated (using equation (1)) from the cold
cloud thickness computed with CAM5.

Once we have calculated the LNOx, we need to place it in the atmosphere according to a vertical distribution.
For this, we used the vertical distribution of LNOx emissions recommended by Pickering et al. (1998). Other
troposphere LNOx vertical distributions such as the one proposed by Ott et al. (2010) places too much NOx

in the middle troposphere and not enough in the upper troposphere as recently pointed out by Nault et al.
(2017) and previous studies by Allen et al. (2012) and Seltzer et al. (2015).

Note that the lightning-produced nitrogen oxide and the resulting atmospheric chemistry will depend on
the assumptions made for NO from IC and CG flashes and from the vertical profile employed. In this regard,
as pointed out by Pickering et al. (1998), uncertainties in the lightning NOx profiles stem from a variety of
sources: the type of events studied, the model (Goddard Cumulus Ensemble or GCE) used by Pickering et al.
(1998) and the parameterization of lightning and NOx production. The convective events simulated by GCE
in Pickering et al. (1998) are representative of well-organized, relatively long-lived mesoscale convective
systems (MCSs) for which cloud-resolving models (including GCE) generally perform well. Other types
of convective events (like air mass tunderstorms, supercells or mesoscale convective complexes) are not
well-simulated with cloud models. However, Pickering et al. (1998) indicates that the types of convection
not simulated with GCE would produce roughly similar types of profiles as the ones calculated in Pickering
et al. (1998). Uncertainties also exist in the parameterization of lightning and NOx production in the GCE
model used by Pickering et al. (1998). As stated there, Price et al. (1997) indicate approximately factor of 2
uncertainty in both the energy per flash and the number of NO molecules produced per unit energy. There-
fore, uncertainties of these magnitudes will be reflected in Pickering et al. (1998)—and in the present work
lightning NOx mixing ratio results—due to these production uncertainties. According to Pickering et al.
(1998), if actual NO production is greater or smaller than the values assumed there (and also in the present
work), presumably the mixing ratios would be scaled up or down accordingly, and the shapes of the vertical
profiles of lightning NOx mass distributions would remain the same. Finally, as also stated in Pickering et al.
(1998), the assumption of IC flashes being 10% as energetic as CG flashes does have an influence on the
resulting profiles. If, for example, IC flashes contained less than this amount of energy, the UT peak in the
mass profiles might not be as pronounced (Pickering et al., 1998).

By default CAM5 uses the CTH lightning parameterization (Price & Rind, 1992) but the globally averaged
LNOx source is usually adjusted to some preselected value to ensure total annual LNOx nitrogen mass emis-
sion rate of approximately 5 ± 3 Tg N year−1 considered as a plausible estimate for present-day atmospheric
conditions (Schumann & Huntrieser, 2007; Tilmes et al., 2016). In our study we have used scale factors to
match the global flash frequency of the different lightning parameterizations considered to that observed by
OTD/LIS but without preselecting globally averaged LNOx sources.

2.3. Model Simulations
CAM5 has an option for nudging the meteorological fields, known as Specified Dynamics, or SD CAM5
(Tilmes et al., 2015). In this study, we use the facility of SD but, instead of nudging to reanalysis fields, we
nudge to the meteorological fields from a previous (free-running) CAM5 simulation. The reason for using
SD is to ensure that the basic dynamics in the lower and middle atmosphere is identical in simulations in
which other changes are made.

GORDILLO-VAZQUEZ ET AL. 2322



Earth and Space Science 10.1029/2019EA000873

The nudging is applied up to 40 km. The simulation procedure is as follows. First, we run CAM5 in
free-running dynamic mode without considering lightning. Then, we run a second CAM5 simulation also
without lightning but now using the SD mode, that is, the horizontal wind and temperature fields in the tro-
posphere and stratosphere are nudged at each model time step of the previous (first) free-running dynamic
CAM5 run. Finally, we run a third SD CAM5 simulation (considering lightning) that is nudged to the first
free-running dynamics CAM5 run. We repeat the third simulation previously mentioned for each of the six
different lightning parameterizations considered and we always compare their results with those of the sec-
ond SD CAM5 runs; that is, we carry out comparisons between simulations of the atmosphere with and
without lightning. All the simulations represent a “present-day” year using climatological sea surface tem-
peratures computed over monthly averages between the year 1982 and 2001. The convection scheme used
here is that reported by Zhang and McFarlane (1995) with improvements in the convective momentum
transport (Richter & Rasch, 2008), which improved surface winds, stresses and tropical convection (Tilmes
et al., 2016). The convection parameterization was kept constant for the six lightning parameterizations con-
sidered. The model was implemented with 30 levels, a time step of 30 min and a horizontal resolution of
2.5◦ longitude and 1.9◦ latitude.

The globally averaged LNOx sources obtained with the six lightning parameterizations in CAM5 are
not adjusted to any preselected value. In addition, as mentioned above, the uncertainty in the vertical
distribution of LNOx can affect the chemical response of the atmosphere.

2.4. Lightning Data
To compare the lightning flash frequency predictions of the different lightning schemes implemented in
CAM5, we have used a combination of OTD and LIS lightning observations from 4 May 1995 to 31 December
2014. In particular, we have used the LIS/OTD Gridded Lightning Climatology Data Collection, Version
2.3.2015, High Resolution Monthly Climatology, which provides mean flash rates in the middle of each
month (with a mean global flash rate from the merged climatology of 46 lightning flashes s−1) with monthly
smoothing on a 0.5◦ horizontal resolution (Cecil et al., 2014).

It is also worth mentioning that although the OTD/LIS lightning climatology is a major step forward in
global lightning observations, it is still a low-Earth orbit data set and some observation and coverage uncer-
tainties remain. This means that many individual orbits are combined in an attempt to infer the true flash
count in any particular region or grid cell. Although there are sufficient orbits to adequately sample the
entire diurnal cycle of lightning for a particular region, but nonetheless, the OTD and LIS did not continu-
ously monitor any region or grid cell nor is the flash detection efficiency 100% for regions directly observed,
and therefore, the OTD/LIS climatology still only represents a very good approximation to the real global
lightning flash distribution (whenever OTD or LIS look in one limited region, they are not technically seeing
what is happening anywhere else on Earth).

Therefore, since the OTD/LIS climatology can present some (probably small) error bars, we should have
some care in establishing the performance of the six lightning schemes, especially when some of them
perform similarly (as we will see later).

For the first time, continuous monitoring from the Geostationary Lightning Mapper—and also from the
European Geostationary Lightning Imager (LI) in the near future—can be used to evaluate the lightning
climatology to be established by the International Space Station LIS, and this will help retroactively to shed
light on the accuracy of the standard OTD/LIS climatology over the observed regions.

3. Results and Discussion
In this section we show the results obtained for the six different lightning parameterizations implemented
in CAM5. We discuss the calculated annual average flash density for a “present-day” year (see section 2.3)
for each of the lightning parameterizations considered and will compare them with available observations
of annual mean flash rates (section 3.1). We also compare the influence of the different lightning parameter-
izations on the vertical (section 3.2) and horizontal (section 3.3) distribution (globally annually averaged)
of the nine chemical species mentioned before in the introduction.

3.1. Global Distribution of Lightning Frequency and Lightning-Produced NOx
3.1.1. Lightning Frequency
The scale factors mentioned above to match predicted and observed lightning flash densities for the differ-
ent lightning schemes can show a wide range of variation. This depends on the global model used, its spatial
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Figure 1. Global annual lightning observations by OTD/LIS using the LIS/OTD Gridded Lightning Climatology Data Collection, Version 2.3.2015, High
Resolution Monthly Climatology (HRMC) from 4 May 1995 to 31 December 2014 degraded to that of the model resolution (2.5◦ longitude × 1.9◦ latitude)
(upper panel) and calculated global annual average flash density for the convective cloud top height (CTH)-based lightning parameterization by Price and Rind
(1992) (lower panel). Note that logarithmic scale is used, and consequently, zero values are not included. White regions correspond to numerical values that are
below the minimum of the scale (10−5 flashes km−2 day−1).

resolution, the particular convective scheme adopted or, as mentioned by Finney et al. (2014), on the differ-
ent scales and regions where a particular lightning parameterization was developed. The study by Tost et al.
(2007) using four lightning parameteriations (and five different convective schemes for each of them) in the
ECHAM5/MESSy model with a 2.8◦ × 2.8◦ horizontal resolution shows that the scaling factors needed to
match the global average number of flashes per second can vary in up to 3 orders of magnitude. The work
by Finney et al. (2014) using five lightning parameterizations with the same convective scheme throughout
the ERA-Interim reanalysis data product (from 1989 to present), interpolated with a regular 0.75◦ lat-lon
grid, results in a global annual scaling factor (to match the global flash rate of 44 flashes s−1 of the LIS
Low Resolution Full Climatology product) that varies by 2 orders of magnitude depending on the light-
ning parameterization. Finally, recent results by Finney et al. (2016), using the UK Chemistry and Aerosol
(UKCA) model coupled to the atmosphere-only version of the UK Met Office Unified Model 8.4 run with a
horizontal resolution of 1.875◦ lon × 1.25◦ lat, finds that the global flash rate scaling factors needed in the
UKCA model are, respectively, 1.44 and 1.12 for the CTH and ICEFLUX lightning parameterizations. While

GORDILLO-VAZQUEZ ET AL. 2324



Earth and Space Science 10.1029/2019EA000873

Table 1
Predicted Global Lightning-Produced NOx in mol flash−1 and Tg N year−1 Together With the Global and Land/Ocean
Spatial Correlations Between Observed and Predicted Flash Frequency Distributions

Predicted Mean Predicted Consensus Spatial Spatial
Lightning LNOx IC/CG LNOx LNOx correlation correlation Scale
scheme (mol flash−1) (Tg N year−1) (Tg N year−1) land (rl)/ocean (ro) global (r) Factor
CTH(1) 328 3.80 6.5 5 ± 3 0.726/0.756 0.729 2.05
CTH-M(2) 322 3.94 7.0 5 ± 3 0.718/0.684 0.712 1.61
CP(3) 312 4.19 5.9 5 ± 3 0.493/0.367 0.448 1.72
MFLUX(4) 441 2.15 8.5 5 ± 3 0.412/0.431 0.415 1.80
CPCAPE(5) 302 4.24 6.0 5 ± 3 0.580/0.278 0.388 1.20
ICEFLUX(6) 337 3.60 6.8 5 ± 3 0.738/0.723 0.732 4.00

Note. The table shows the results of calculations done with CAM5 using each of the six lightning parameterizations.
Note that the observed lightning frequency in the OTD/LIS time interval (May 1995 to December 2014) of the lightning
climatology (HRMC) used for comparison is 46 flashes s−1. The predicted mean ratio of intracloud to cloud-to-ground
lightning flash frequencies is given by the column stating “Mean IC/CG” for each lightning scheme. The spatial corre-
lation (r) is a parameter ranging from 0 to 1 accounting for similarity in the spatial distribution of the global (or land
and ocean) flash density of each implemented lightning scheme in CAM5 with respect to the spatial distribution of the
observed LIS/OTD lightning flash distribution. The mathematical equation for r is

∑
i(xi−<x>)(𝑦i−<𝑦>)

(
∑

i(xi−<x>)2
∑

i(𝑦i−<𝑦>)2)0.5
, where xi

and yi are the lightning frequencies in a cell domain i according to LIS/OTD and according to our simulations, respec-
tively, and <x> and <y> stand for mean values per square kilometer. The predicted lightning flash rates range between
44 (CP) and 51 (CTH-M) flashes s−1, and they were scaled to match the observations by OTD/LIS. The last column
shows the scale factor used. The superscripts in the first column stand for the reference of the lightning scheme: (1)
Price and Rind (1992), (2) Michalon et al. (1999), (3) and (4) Allen and Pickering (2002), (5) Romps et al. (2014), (6)
Finney et al. (2014).

the scaling needed for the ICEFLUX parameterization in the UKCA model is similar (1.12) (Finney et al.,
2016) to one earlier reported (1.09) when using ERA-Interim global atmospheric reanalysis data (Finney
et al., 2014), there is a nonnegligible difference in the global flash rate scaling factors for the CTH parameter-
ization when implemented in the UKCA, the ECHAM5/MESSy models and the present study (scale factor
of 2.05). Global UKCA and ECHAM5/MESSy flash rate scaling factors of, respectively, 1.44 and a minimum
of 0.74 (higher for different convection schemes) are more than one order of magnitude higher than that
found (0.05) using the ERA-Interim data (Finney et al., 2014).

There are different procedures to calculate scaling factors. It is possible to find regional scaling factors, sea-
sonal scaling factors, etc. Following previous studies, we have calculated a global annual scaling factor for
each lightning scheme. The procedure followed to obtain the general scaling factors that we have used is (1)
we run a 1-year simulation for each of the tested lightning schemes using the SD mode of CAM5. We nudge
to the meteorological fields from a previous (free-running) CAM5 simulation without lightning. We obtain
a global annually averaged occurrence rate of lightning discharges (fparam). (2) We calculate the scaling fac-
tor of the tested schemes as fOTD−LIS/fparam, where fOTD−LIS = 46 flashes s−1 is the global annually averaged
occurrence rate of lightning discharges according to the chosen OTD/LIS lightning climatology. (3) We run
the final simulations using the obtained scaling factors in Step 2. These scaling factors are applied (as mul-
tiplicative factors) to the equation that relates the lightning flash frequency with a/several meteorological
variable/s according to each lightning parameterization.

Figure 1 (upper panel) shows the annual OTD and LIS lightning observations using the global annual mean
flash rates in the middle of each month as provided by LIS/OTD Gridded Lightning Climatology Data Col-
lection, Version 2.3.2015, High Resolution Monthly Climatology from 4 May 1995 to 31 December 2014.
The latitudes covered go from 70◦S to 70◦N. The observed maxima take place over the continents, in cen-
tral Africa, South America, central and east of North America, and some regions in the north of India and
Southeast Asia.

Figure 1 (lower panel) shows the calculated global annual average flash density for the CTH parameteriza-
tion based on the convective CTH which is the most widely used lightning scheme. Our 1-year simulation
of the CTH parameterization with CAM5 produces 46 lightning flashes s−1 (scale factor of 2.05 with a high
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Figure 2. Comparison of the observed 1995–2014 LIS/OTD global annual average flash rates with five of the lightning parameterizations implemented in
CAM5 correspoding to, respectively, the convective precipitation (CP)-based parameterization by Allen and Pickering (2002), the convective precipitation and
CAPE (CPCAPE)-based parameterization by Romps et al. (2014), the parameterization by Michalon et al. (1999) consisting in the CTH parameterization by
Price and Rind (1992) and an ocean flash rate upgrade (CTH-M) with respect to CTH, the updraft mass flux (MFLUX)-based parameterization by Allen and
Pickering (2002), and the upward cloud ice flux (ICEFLUX)-based parameterization by Finney et al. (2014). Note that the spatial resolution (0.5◦ × 0.5◦) of
LIS/OTD observations has been degraded to that of the model resolution (2.5◦ longitude × 1.9◦ latitude). Note that logarithmic scale is used, and consequently,
zero values are not included. White regions correspond to numerical values that are below the minimum of the scale (10−5 flashes km−2 day−1).

global spatial correlation of 0.729, see Table 1) showing a clear contrast between ocean and land. The mar-
itime flash densities are underestimated, while land flash densities are overestimated. However, the high
land (0.726) and ocean (0.756) spatial correlations of the CTH lightning parameterization indicate that,
though underestimated in ocean, the predicted CTH geographical distribution of lightning is quite close to
the observations.

Figure 2 shows a comparison of the observed LIS/OTD global annual average flash rates with five of the
lightning parameterizations implemented in CAM5. The precipitation-based lightning parameterization by
Allen and Pickering (2002) (CP) produces 44 lightning flashes s−1 (scale factor of 1.72 with a global spatial
correlation of 0.448) but underestimates the flash frequency over tropical central Africa and overestimates
it over the tropical regions of South America and Southeast Asia including the Indian Ocean. On the other
hand, in the midlatitudes continental lightning is underestimated except in Australia where the lightning
distribution is reasonably better captured. This parameterization slightly overestimates lightning flash rate
over the oceans. The CP parameterization land (0.493)/ocean (0.367) spatial correlations are quite different,
being much higher over land than over the oceans.
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Figure 3. (Left panel) Monthly global average (60◦S to 60◦N) of the lightning flash density rate (flashes km−2 day−1).
The plot shows the comparison between the observed LIS lightning flash rate (dashed line) and the six different
lightning schemes implemented in CAM5. The value shown in each month label corresponds to the mean between the
first and the last day of the month (both for LIS and for the simulated results). (Right panel) Monthly tropical (25◦N to
25◦S, dashed line) and midlatitude (dashed dotted line) flash density rates for the six lightning schemes tested and the
OTD/LIS climatology.

The CP times CAPE-based lightning parameterization by Romps et al. (2014) (CPCAPE) with 45 lightning
flashes s−1 (scale factor of 1.20 with the lowest global spatial correlation 0.388) underestimates tropical
and midlatidude continental flash frequency, while it overestimates flash rates over the oceans as was
also recently pointed out by Romps et al. (2018). The land (0.580)/ocean (0.278) spatial correlations of the
CPCAPE parameterization are similar to those of the CP case.

The CTH-M lightning parameterization proposed by Michalon et al. (1999) is an improvement of the ocean
flash rate with respect to the parameterization based on the convective CTH by Price and Rind (1992). Conse-
quently, the land-ocean flash rate is more equilibrated with respect to the CTH parameterization (land/ocean
spatial correlations of 0.718/0.684 for CTH-M vs. 0.726/0.756 for CTH) but both the tropical and midlatitude
land flash rates are overestimated. The maritime flash rate is also overestimated. As a result of all this, the
CTH-M parameterization by Michalon et al. (1999) produces a relatively high annual lightning rate of 51
flashes s−1 (scale factor of 1.61 with a high global spatial correlation of 0.712).

The updraft mass flux-based lightning parameterization (MFLUX) by Allen and Pickering (2002) produces
45 lightning flashes s−1 (scale factor of 1.80 with a global spatial correlation of 0.415), underestimates the
midlatitude maritime and continental lightning flash rates in central Africa, south and central North Amer-
ica and India but, at the same time, overestimates it over many regions of Russia and the tropical ocean. The
land (0.412)/ocean (0.431) spatial correlations of the MFLUX parameterization are also similar to those of
the CP case.

Finally, the upward cloud ice flux-based (ICEFLUX) lightning parameterization slightly underesti-
mates/overestimates the maritime/continental lightning flash rate producing 47 lightning flashes s−1 (scale
factor of 4 with the highest global spatial correlation of 0.732). The ICEFLUX schemes exhibits the largest
land and the second largest (slightly below CTH) ocean spatial correlations of 0.738 and 0.723, respec-
tively. The reason why the overall (global) spatial correlation for ICEFLUX (0.732) exceeds that of CTH
(0.729)—given that CTH ocean (0.756) exceeds ICEFLUX ocean (0.723)—is due to the fact that the correla-
tion parameter (see caption of Table 1) depends on lightning counts, that is, higher counts over land than
ocean so that land is more strongly weighted in the overall calculation.

Then, we found that ICEFLUX produces the largest global spatial correlation (0.732), while both CTH and
CTH-M show almost the same global spatial correlations (0.712–0.729). This is because maritime flashes
only represent 10% of the total number of flashes, and consequently, the maritime correction of the CTH-M
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Figure 4. Predicted geographical distribution of lightning-produced NOx in mol flash−1 for the six lightning schemes implemented in CAM5 correspoding to,
respectively, the cloud top height (CTH) parameterization (Price & Rind, 1992), the convective precipitation (CP)-based parameterization (Allen & Pickering,
2002), the convective precipitation and CAPE (CPCAPE)-based parameterization (Romps et al., 2014), the lightning scheme by (Michalon et al., 1999)
consisting in the CTH parameterization (Price & Rind, 1992), and an ocean flash rate upgrade (CTH-M) with respect to CTH, the updraft mass flux
(MFLUX)-based parameterization (Allen & Pickering, 2002) and the upward cloud ice flux (ICEFLUX)-based parameterization (Finney et al., 2014). The spatial
resolution is 2.5◦ longitude × 1.9◦ latitude.

with respect to CTH is hardly noticeable in r. The three other lightning parameterizations exhibit global
r values between 0.388 (CPCAPE) and 0.448 (CP). The supporting information shows figures illustrating
the appearance of the spatial distribution of each considered parameterization with respect to the observed
distribution of OTD/LIS recordings. The global and land/ocean spatial correlations and the scale factors for
the six lightning parameterizations investigated in this paper are shown in Table 1.

The left panel of Figure 3 shows a monthly global average for the six lightning parameterizations considered
and OTD/LIS data. We see a 1-month backward shift (with respect to OTD/LIS data) of the CP, CPCAPE,
and MFLUX lightning schemes, while the peak month of the lightning parameterizations based on the CTH,
that is, CTH and CTH-M, is the same as that of the LIS data. The ICEFLUX parameterization is the only one
exhibiting a 1 month forward shift with respect to LIS. An interesting feature of the MFLUX parameteriza-
tion is that while it follows the OTD/LIS lightning frequency density, it slightly underestimates it during the
spring-summer seasons (March through late September) and overestimates it during the fall-winter seasons
(October through late February).

An interesting feature visible in the left panel of Figure 3, also reported by Tost et al. (2007) using the
ECHAM5/MESSy model, is the double peak structure exhibited by most parameterizations. There is a sec-
ondary maximum during the Northern Hemisphere (NH) winter months when the lowest lightning rate
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is observed. This causes that during the NH winter most ligthning schemes (except CTH and MFLUX)
significantly overestimate the global average flash frequency. According to Tost et al. (2007) the NH win-
ter maxima of most lightning schemes are due to overestimated oceanic flash occurrences in the tropics
and the incorrectly captured displacement of regions with intense convection over the oceans. The latter
led Tost et al. (2007) to conclude that lightning schemes that hardly distinguish between ocean and land
flash parameterizations have problems to reproduce the observed lightning seasonal cycle. However, this
conclusion does not completely apply to our simulations with CAM5. In our case, the CTH, CTH-M, and
ICEFLUX schemes propose different parameterizations for the sea and land flash densities. However, only
the CTH scheme (with the largest ocean spatial correlation as shown in Table 1) approximately repro-
duces the observed lightning annual seasonal cycle. Interestingly, the MFLUX scheme (with low ocean and
land spatial correlations)—also used by Tost et al. (2007) in ECHAM5/MESSy with our same convection
scheme—reproduces reasonably well in CAM5 the lightning monthly global average although it exhibits a
consistent underestimate in the magnitude of the seasonal cycle.

The monthly tropical and midlatitude averages for the six tested schemes and the OTD/LIS data are rep-
resented in the right panel of Figure 3. This plot shows that the lightning flash rate density is larger in the
tropics than in the midlatitudes. The tropical lightning frequency density exhibits a considerable smaller
seasonal variation than the one of the midlatitude flash rate. Moreover, it is clearly visible that in January
and December the tropical flash density of all tested schemes are overestimated (with respect to OTD/LIS),
which explains the overestimation also exhibited in January and December by the global averaged flash rate
density (see left panel of Figure 3).
3.1.2. Lightning-Produced NOx
Figure 4 shows the predicted geographical distribution of lightning-produced NOx (in mol flash−1) for the
six lightning schemes considered in our simulations. The general behavior shown in Figure 4 is that LNOx
in the midlatitude regions is between 6% and 40% larger than in the tropics (from 25◦N to 25◦S) for five of the
lightning schemes explored except for CPCAPE. The obtained geographical distribution of LNOx per flash
is a consequence of the predicted geographical distribution of the IC/CG ratio. Other effects influencing the
LNOx per flash are out of the scope of this work (Price & Rind, 1993). This result is supported by a number of
observations. During the TROCCINOX lightning campaign in 2004–2005, high NOx per flash was observed
over Florida, while tropical LNOx production over Brazil was found to be lower (Huntrieser et al., 2007,
2008). In addition, the observational results by both Beirle et al. (2010) and Bucsela et al. (2010) are generally
consistent with previous (Huntrieser et al., 2008) tropical estimates of lightning NOx production rates and
lower than rates at higher latitudes. Finally, in a recent American Meteorological Society presentation by
Pickering et al. (2018) it was stated that (1) tropical analyses using OMI V3 data and improved tropospheric
background and stratospheric NO2 treatment give LNOx production efficiencies estimates ranging from 47
± 21 moles/flash over Africa to 149 ± 67 moles/flash over the tropical Pacific, with all tropics mean of 90
± 36 moles/flash → 1.8 Tg N year−1. (2) Midlatitude analysis yields a mean LNOx production efficiencies of
320 ± 180 moles/flash, also using OMI V3 and updated background and stratosphere treatment → 6.4 Tg
N year−1. (3) Weighting these production rates by climatological flashes in tropics and midlatitudes (2/3 of
flashes in tropics and 1/3 in midlatitudes in June–August), they obtain a global total LNOx production of
4.4 ± 1.8 Tg N year−1.

Table 2 shows the predicted total LNOx per flash and the corresponding tropical and midlatitude LNOx
for each lightning scheme investigated together with the corresponding global spatial correlations in the
tropical and midlatitude regions. CPCAPE has similar tropical (302 mol flash−1) and midlatitude (300 mol
flash−1) LNOx per flash values, while CTH exhibits a relatively small (8%) difference between tropical (312
mol flash−1) and midlatitude (337 mol flash−1) LNOx per flash. However, ICEFLUX shows an important dif-
ference of ≃42% between tropical (288 mol flash−1) and midlatitude LNOx (406 mol flash−1) values. Table 2
indicates that the ICEFLUX scheme presents: (1) The largest (well above CTH) midlatitude global spatial
correlation (with respect to LIS/OTD observations) and (2) the second largest (after CTH) tropical spatial
correlation. The predicted LNOx geographical distribution can be better visualized in the map for ICEFLUX
in Figure 4 where midlatitude continental regions exhibit larger (yellowish, reddish) LNOx per flash than
in the tropics (bluish, greenish).

The case of the MFLUX scheme in Figure 4 is different because, while there is a clear tropical region with
smaller LNOx per flash than in the midlatitude regions (as for ICEFLUX), the relative amount of IC lightning
(with respect to CG lightning), which is the mean IC/CG ratio, is less (by approximately a factor of 2) than in

GORDILLO-VAZQUEZ ET AL. 2329



Earth and Space Science 10.1029/2019EA000873

Table 2
Predicted Global, Tropical (From 25◦N to 25◦S) and Midlatitude Lightning-Produced NOx (in mol flash−1) and the
Corresponding Tropical and Midlatitude Global Spatial Correlations

Predicted Predicted Tropical Predicted Midlatitude
Lightning LNOx tropical LNOx spatial correlation midlatitude LNOx Spatial correlation
scheme (mol flash−1) (mol flash−1) global (mol flash−1) global
CTH(1) 328 312 0.766 337 0.553
CTH-M(2) 322 307 0.737 341 0.579
CP(3) 312 299 0.408 318 0.474
MFLUX(4) 441 404 0.368 476 0.542
CPCAPE(5) 302 302 0.284 300 0.618
ICEFLUX(6) 337 288 0.749 406 0.632

Note. The superscripts in the first column stand for the reference of the lightning scheme: (1) Price and Rind (1992),
(2) Michalon et al. (1999), (3) and (4) Allen and Pickering (2002), (5) Romps et al. (2014), (6) Finney et al. (2014).

the rest of lightning schemes considered (see the mean IC/CG values shown in Table 1 for the six lightning
schemes).

The mean IC/CG changes from a minimum of 2.15 (MFLUX) to a maximum of 4.24 (CPCAPE). The
three parameterizations with the largest global spatial correlations exhibit mean IC/CG values varying in
a narrow gap from 3.60 (ICEFLUX) to 3.80 (CTH) and 3.94 (CTH-M). The MFLUX scheme presents the
least mean IC/CG ratio and, consequently, the largest LNOx of 441 mol flash−1 (see Table 1) due to the
more relative abundance of CG lightning. The geographical distributions of the IC/CG for the six lightning
schemes considered are shown in a figure in the supporting information. It is found that, in general, it is
not straightforward to establish a latitudinal variation only of the IC/CG ratio. For additional information,
the geographical distributions of the predicted cloud-to-ground (CG), intracloud (IC) lightning flash densi-
ties, and that of the geographical distribution of the IC fraction have also been included in the supporting
information.

3.2. Annual Global Averaged Vertical Profiles
In this section we compare the impact of the six different lightning parameterizations implemented in CAM5
on different atmospheric chemical species. We have used the vertical distribution of LNOx emissions recom-
mended by Pickering et al. (1998), which suggested three different vertical profiles: midlatitude continental,
tropical continental, and tropical marine. As the spatial distribution of lightning is different for each tested
scheme, the vertical global averaged profile of the lightning NO production rate (shown in Figure 5) and the
vertical global averaged profiles showing the chemical influence of lightning in the atmosphere (shown in
Figure 6) depend on the considered lightning scheme.

The global average vertical profiles of the lightning NO production rates (these profiles are the ones injected
in the chemical module of CAM5) for each lightning scheme are shown in Figure 5. There is an impor-
tant variability up to ∼2 km, then it stays relatively unchanged up to ∼4 km when it starts to increase to
reach a maximum injection in the troposphere between ∼7.5 km and ∼9 km depending on the lightning
parameterization used. From ∼10 km to ∼16 km there is a monotonic decrease of more than six orders of
magnitude.

Figure 6 includes a set of global average vertical profiles showing the influence of lightning on the con-
centration of NO, NO2, trace species (CO, SO2, O3, and HNO3) and hydrogen oxides (OH, HO2, and H2O2)
in the troposphere, upper troposphere (UT) and LS. Each panel of Figure 6 includes the species absolute
concentration in the atmosphere with and without lightning together with the relative variation (in per-
centage) of the investigated chemical species with respect to their ambient concentrations in an atmosphere
with no lightning. According to Figure 6 all parameterizations indicate that the influence of lightning on
the densities of NO and NO2 extends from ∼2.5 km to ∼19 km. For the CP, CPCAPE and MFLUX parame-
terizations there is a clear peak of the absolute NO density in the UT between ∼15 km and ∼16 km and a
decreasing NO concentration from ∼15 km to ∼19 km. However, in contrast to the behavior of CP, CPCAPE,
and MFLUX above ∼11 km, it is worth noting that the parameterizations based on the upward ice flux at
440 hPa (ICEFLUX), CTH and maritime modified CTH-M exhibit an almost monotonic increase of the NO
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Figure 5. Vertical (geometric altitude) global averaged (90◦S to 90◦N)
profiles showing the NO production rate due to the six lightning schemes
considered. This NO lightning production rate is injected into the chemical
module of CAM5 and produces variations in the density of different
chemical species as shown in Figure 6.

concentration from ∼12 km up to ∼18 km where a very slight decreas-
ing begins up to ∼20 km. The altitude where the CP, CPCAPE, and
MFLUX parameterizations place the maximum NO number density
differs because it is conditioned by the relative importance (in each
parameterization) of the three different (tropical continental/marine and
midlatitude continental) vertical distribution profiles of the produced
LNOx .

The minimum absolute enhancements in NO and NO2 appears in the
lightning schemes based on, respectively, the upward ice flux at 440 hPa
(ICEFLUX) for NO and the CPCAPE scheme for NO2. However, the
maximum absolute enhancements in NO and NO2 are exhibited by the
MFLUX (up to 12 km) and CP (from 12 km to 19 km) lightning param-
eterizations for NO and also by the MFLUX (up to 12 km) and CP (from
12 km to 19 km) schemes for NO2. According to our calculations (see
Table 1), the total annual global NOx emission and flash frequency due to
lightning ranges between 5.9 Tg N year−1 (and 44 flashes s−1) for the CP
parameterization and 8.5 Tg N year−1 (and 45 flashes s−1) for the MFLUX
parameterization.

According to the OTD/LIS lightning climatology used in this work, the
global lightning flash frequency is 46 flashes s−1, while the latest estima-
tions of the global lightning NOx emissions by new cloud-sliced observa-
tions of UT NO2 in the 6- to 9-km range from the OMI satellite instrument
points to a global NOx yield of 280 moles per lightning flash and a global
lightning NOx source of 5.9 ± 1.7 Tg N year−1 for the year 2006 (Marais
et al., 2018) within the consensus estimate of 5 ± 3 Tg N year−1

(Schumann & Huntrieser, 2007). The results by (Marais et al., 2018) do not support previous studies reporting
higher lightning NOx production rates in the midlatitudes than in the tropics (Nault et al., 2017; Schumann
& Huntrieser, 2007). In this regard the recent results by (Nault et al., 2017) indicate a high production rate of
∼9 Tg N year−1 with recommended values between ∼370 mol NO flash−1 and ∼670 mol NO flash−1 but with
higher LNOx production in the midlatitudes than in the tropical regions. Previous results obtained during
the DC3 campaign in North America indicate lower lightning NOx production in the range 117–332 mol NOx
flash−1 including uncertainties (Pollack et al., 2016). Our present study suggests that, when using CAM5, the
ICEFLUX (closely followed by the CTH) lightning parameterization predicting 6.8 Tg N year−1, 337 mol NO
flash−1 and a global lightning frequency of 47 flashes s−1 is the one showing the largest global and midlati-
tude spatial correlation with respect to the global and midlatitude lightning frequency distribution observed
by OTD/LIS.

In the following we explore the influence of tropospheric and lower stratospheric lightning-produced NO
and NO2 on the atmospheric chemistry by correlating the calculated NO and NO2 with the predicted concen-
trations and behaviors of some trace gases and hydrogen oxides. When possible we also try to compare the
obtained results with available results from measurements under lightning and/or thunderstorm conditions.

Our calculations indicate that lightning (through the production of NOx) promotes an enhancement in the
concentration of tropospheric ozone (O3) that ranges between 32% and 45% with respect to ambient values
with no lightning and with the maximum relative enhancement at ∼7.5 km in agreement with modeling
results by Finney et al. (2016). The calculated global average vertical profiles for O3 follow the measured
values (approximately doubles between ground level and 8 km) of different available observations (Martini
et al., 2011). The analysis of the different lightning parameterizations indicates that the CTH parameter-
ization produces the lowest relative increase in O3 followed by CP and ICEFLUX while MFLUX and the
maritime CTH modified (CTH-M) induce the highest relative increase.

The influence of the ICEFLUX and CTH lightning schemes on the tropospheric ozone chemistry was
recently investigated by Finney et al. (2016) using the UKCA model coupled to the atmosphere-only version
of the UK Met Office Unified Model 8.4. Finney et al. (2016) found that the ICEFLUX lightning scheme
reduced the overestimation of tropical lightning caused by the CTH scheme resulting in less NO emission
in the tropical upper troposphere and more in the extratropical regions. This causes a shift of the Ox (odd
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Figure 6. Vertical (geometric altitude) global average (90◦S to 90◦N) profiles showing the relative (dashed lines) and absolute (solid lines) lightning-induced
variation in the density of key atmospheric chemical components such as nitrogen monoxide (NO), nitrogen dioxide (NO2), carbon monoxide (CO), ozone (O3),
hydroxil radical (OH), hydroperoxyl radical (HO2), nitric acid (HNO3) and sulfur dioxide (SO2), and hydrogen peroxide (H2O2). It is also shown for comparison
the density of each chemical species in an atmosphere without lightning (triangles).

GORDILLO-VAZQUEZ ET AL. 2332



Earth and Space Science 10.1029/2019EA000873

Figure 7. Total annual mean NO column density (from ground to 30 km) versus longitude and latitude for the six different lightning parameterizations
implemented in CAM5 in this study.

oxygen species) production away from the upper tropical troposphere that results in a 5–10% reduction in
upper tropical troposhere O3 concentration along with smaller reductions in the LS and small increases in
the extratropical troposphere (Finney et al., 2016). Therefore, the differences in the regional lightning dis-
tribution of the CTH scheme found by Finney et al. (2016) using the UKCA model increase O3 in the upper
tropical troposphere and, when compared with measurements by ozone sondes, reduces the correlation to
observations in O3 annual cycle in the tropics.

Nitric acid (HNO3) (see Figure 6) is another interesting trace gas (connected to acid rain) in the atmosphere
that is very sensitive to lightning and that, as O3, is sensitive to the vertical placement of lightning NOx
emissions (Labrador et al., 2005). Our simulations indicate that the greatest absolute enhancement of HNO3
with respect to background values without lightning is at ∼7.5 km. The relative increase of HNO3 ranges
between 170% (for the CPCAPE parameterization) and about 300% (for the MFLUX parameterization). The
formation of HNO3 during daytime is promoted by the reaction of NO2 with OH. During nighttime NO2
converts to HNO3 through the formation of N2O5 followed by heterogenous hydrolysis on aerosol particles.
In agreement with measurements (Cooper et al., 2014; Martini et al., 2011) the variations of the calcu-
lated HNO3 vertical profile is larger in the lower troposphere (<4 km) than in the UT/LS. We found that
lightning-induced NOx increases correlate with increases in HNO3 but the maximum increase of HNO3 due
to lightning occurrs in the middle troposphere (7–10 km) while that of NOx is in the UT (10–15 km).

Four out of six lightning parameterizations considered in this work (see Figure 6) indicate that the SO2
number density is depleted and maintained almost unchanged from ∼17 km to ∼30 km. However, in the
cases of the ICEFLUX and CTH-M parameterizations, the predicted lightning-driven SO2 minima at ∼17
km are followed by increasing SO2 concentrations. The behavior of SO2 can be due to the reaction SO2 + OH
→ SO4. If one looks above 15 km in Figure 6 (E) for OH, slight negative (of about 1% or 2%) relative changes
are visible for the CTH-M and ICEFLUX schemes. These small relative negative changes over an absolute
OH density ranging between 105 and 106 cm−3 can promote significant relative increases of SO2 (over a
small absolute concentration between 1 cm−3 at 30 km and 104 cm−3 at 20 km) due to lightning activity.
The opposite behavior for the CTH, MFLUX, CP, and CPCAPE schemes, that is, a small relative increase of
the OH concentration (over a high absolute density) can also explain the depletion of SO2 at high altitudes
(above 15 km) due to chemical reaction with OH.

Regarding CO, our results indicate that when the amount of NOx produced by lightning increases (when
using different parameterizations) larger decreases in CO are obtained.

As can be seen in Figure 6, the influence of lightning on CO and SO2 is, contrary to the case of O3 and HNO3,
to decrease their concentrations with respect to their ambient values without the presence of lightning. The
lowest absolute values and relative decrease (of up to 27%) for CO and (of up to 70%) for SO2 are in the LS
at, respectively, ∼16 km and ∼17 km with the particularity that the lightning depleted SO2 concentration
remains (except for ICEFLUX and CTH-M) between ∼50% and ∼60% below its background concentration
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Figure 8. Enhancement due to lightning of NO column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.

in an atmosphere with no lightning. The shape of the calculated global mean vertical profile for CO agrees
reasonably well with aircraft measurements by Martini et al. (2011).

Lightning also influences the oxidizing capacity of the atmosphere by affecting the concentrations of hydro-
gen oxides (OH, HO2, and H2O2) due to the lightning promoted enhancement of NO in the atmosphere. We
have found that an increase in NO due to lightning produces enhancements of between ∼75% and ∼100%,
depending on the parameterization used, in the OH density with a peak value at∼10 km. Lightning promotes
the reaction of HO2 with NO to produce OH and NO2 that, globally, produces a depletion in the concen-
tration of HO2 that ranges between ∼35% and ∼60% with respect to ambient HO2 values in an atmosphere
without lightning that leads to a minimum in the density of HO2 at ∼15 km. For both OH and HO2, the
parameterizations based on the CTH and the upward ice flux-lightning relationship (ICEFLUX) produce the
least impact while HO2 is mostly affected by lightning parameterizations based on CP at the surface (only
for precipitations stronger than 7 mm/day) (CP) and on the upward mass flux (MFLUX) and CPCAPE. Our
calculations suggest that, in agreement with previous results by Labrador et al. (2004) and more recently by
Liaskos et al. (2015), the relative variation in the vertical mean troposheric OH due to lightning more than
doubles the relative variation in O3.

The lightning promoted loss of H2O2 is due to the reaction of H2O2 with OH to produce H2O and HO2
that, globally, produces a depletion in the concentration of H2O2 that ranges between ∼45% and ∼70% with
respect to ambient H2O2 values in an atmosphere without lightning and that leads to a minimum in the
number density of H2O2 at ∼16 km.

Finally, lightning promotes the oxidation of SO2 by OH forming hydrogen sulfite (HSO3) that reacts with
atmospheric O2 producing sulfur trioxide (SO3) and HO2. The reaction of SO3 and water produces sulfuric
acid (H2SO4) in the atmosphere. Consequently, the depletion of SO2 by the influence of lightning (mediated
by an increase of NOx) promotes the generation of sulfuric acid in the atmosphere.

3.3. Annual Global Averaged Chemical Distribution
In the following we comment on the annual mean column densities of NO, NO2, O3, HNO3, OH, HO2, H2O2,
CO, and SO2 (from ground to 30 km) versus longitude and latitude as calculated for six different lightning
parameterizations implemented in CAM5. The goal in this section is to compare between predictions of
each of the parameterizations used and, when possible, to establish comparisons with available measured
concentrations of lightning affected trace species at a global or regional level.

Our calculations for the global mean NO column density shown in longitude-latitude maps (see Figure 7)
predict NO column densities of up to ∼3 × 1015 cm−2 with clear hot spots (very active NO source regions)
above latitude >30◦N corresponding to highly polluted land regions. The south of Africa also exhibits rela-
tively high NO column densities that are mostly connected to lightning activity in that region (see Figure 8
where only NO density enhancements resulting from the difference between simulations with and without
lightning are shown).
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Figure 9. Total annual mean NO2 column density (from ground to 30 km) versus longitude and latitude for the six different lightning parameterizations
implemented in CAM5 in this study.

The lightning enhanced NO column densities shown in Figure 8 are mostly located within ±30◦ latitude
with some small NO enhancement due to transport of lightning-produced NO also visible in the north and
south polar regions. Depending on the lightning parameterization used in CAM5, the LNOx contribution to
the NO column can be of up to 1.3 × 1015 cm−2 in central and South Africa. The MFLUX parameterization
predicts the highest NO enhancement (8.5 Tg N year−1 and 441 mol flash−1) due to lightning (see Table 1)
but its global spatial correlation (with respect to OTD/LIS observations) is of only 0.415 and exhibits a lower
land (0.412) than ocean (0.431) spatial correlations. The ICEFLUX followed by the CTH lightning param-
eterizations are the ones with the highest global (0.732) and land/ocean (0.738/0.723) spatial correlations
and, therefore, their geographical distributions of enhanced NO due to lightning are the most reliable.

Our calculated global NO2 column densities shown in Figure 9 agree with available measurements by GOME
(Richter et al., 2005; Schumann & Huntrieser, 2007) showing similar quantitative values and global distri-
bution of NO2 with high NO2 contaminated areas in the northeastern China, center northeastern United
States, and central and northern Europe due to anthropogenic sources. According to our results, lightning
can contribute up to ∼2.5 × 1015 cm−2 NO2 column density (15% of the maximum NO2 column up to 30 km)
as can be seen in Figure 10 and where lightning enhanced NO2 is mostly visible in the ±30◦ region with
maximum values in central and South Africa. In the case of North and South America, the CP and CPCAPE
schemes predict the lowest lightning NO2 enhancement among the six lightning schemes compared. The
CTH, CTH-M and ICEFLUX schemes (with clear distinction between sea and land flash densities) predict

Figure 10. Enhancement due to lightning of NO2 column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.
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Figure 11. Enhancement due to lightning of O3 column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.

more lightning enhanced NO2 in South America than the other tested schemes. These three schemes (CTH,
CTH-M, and ICEFLUX) also predict significant NO2 due to lightning in the Amazonia region where the
three of them predict important lightning flash densities. Finally, the MFLUX parameterization predicts
important NO2 enhancement due to lightning in the eastern region of North America and central part of
South America. As in the case of NO, there is also some slight NO2 enhancement due to lightning in the
northern (>50◦N) and southern (>70◦S) latitudes.

The predicted enhancement of O3 due to lightning is shown in Figure 11 where it is clearly visible that
lightning enhanced O3 is mainly located in the tropical and subtropical regions where lightning produces
more NO and NO2. Five (except CP) of the six lightning parameterizations implemented in CAM5 predict
a significant enhancement of O3 due to lightning in the south polar regions. The CP scheme exhibits very
weak O3 lightning enhancement in the southern hemispheric oceanic areas so that O3 transport from the
nearby oceans is neglected in the CP scheme. This can explain the lack of lightning enhanced O3 in the CP
south polar regions.

In addition, the CP, MFLUX, and CTH parameterizations exhibit no lightning enhanced O3 over 70◦N. The
CTH- and CPCAPE-based (but much less pronounced than CTH) lightning parameterizations predict an
increase of O3 in the Antartic regions with no equivalent NO enhancements. This could be related to ozone
transported from the African and South American continents. Lightning parameterizations like CPCAPE,

Figure 12. Enhancement due to lightning of HNO3 column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.
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Figure 13. Enhancement due to lightning of OH column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.

MFLUX, and CTH-M predict high O3 increases in the maritime regions. All the parameterizations show
nonnegligible O3 increase at ∼10◦S over the Atlantic Ocean where lightning density and NO enhancement
are small (with respect to the maxima in central Africa). This might be connected to advection of tropo-
spheric ozone and precursors from intense lightning regions of Africa (in the lower and middle troposphere)
and South America (in the upper troposhere) (Finney et al., 2016; Grewe, 2007; Murray, 2016). According
to our CAM5 simulations, lightning can contribute between ∼5% and ∼20% (or between 5 and 30 Dobson
units) to the global ambient O3 column. The least O3 lightning enhancement is predicted by the parameter-
izations based on, respectively, the CTH followed by the CP and the upward ice flux at 440 hPa (ICEFLUX).
The highest O3 lightning enhancement is predicted by the CTH-M scheme.

The lightning enhanced HNO3 (see Figure 12) can contribute to up to 25% to the HNO3 column with hot
spots in regions where lightning enhanced NO and NO2 is important since the oxidation of NOx by OH to
nitric acid is a dominant sink of NOx. The nonnegligible presence of lightning generated HNO3 visible in
Figure 12 at ∼10◦S over the Atlantic ocean does not seem to be correlated to lightning flashes in that region
but may be due to transport phenomena.

According to our simulations, the global concentration of OH is largely affected by lightning as can be
seen in Figure 13. The production of OH in the atmosphere is initiated by the photolysis of O3 that
produces electronically excited oxygen atoms O(1D) that, after reacting with water vapor, generates OH
molecules (Voulgarakis et al., 2013). Lightning promotes the formation of OH by oxidative reactions
of lightning-produced NO with HO2. All considered lightning parameterizations predict that lightning
enhanced OH is mainly generated through the tropical and midlatitude regions between ±30◦ latitude.
However, there are differences in the geographical distribution of lightning-produced OH depending on the
parameterization used. The CTH-based and CTH-M-based parameterizations locate the OH due to lightning
in Africa, India, southeastern Asia, and central South America. When parameterizations based on precip-
itation (CP) and convective available potential energy (CPCAPE) are used, lightning-produced OH is still
important in Africa but it is mostly concentrated in southeastern Asia. When lightning is parameterized fol-
lowing the upward ice flux (ICEFLUX) and the CTH, we see that maritime regions become less active in
lightning production of OH so that the lightning enhanced OH column density is the smallest in comparison
with the other four considered parameterizations.

The effect of lightning on the column density of the hydroperoxyl radical (HO2) is interesting since, as seen
in Figure 14, there are continental regions (central Africa, Micronesia, and the northwestern of South Amer-
ica) where lightning promotes the local formation of HO2 (due to the presence of high concentrations of
lightning-produced OH reacting with O3), while in other large land and oceanic regions HO2 is depleted.
All lightning parameterizations used in this study predict an overall depletion of the HO2 column density
caused by lightning within latitudes ±50◦. The depletion of HO2 caused by lightning could be promoted
by chemical reactions driven by lightning-produced NO and NO2 through NO + HO2 → NO2 + OH and
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Figure 14. Enhancement due to lightning of HO2 column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.

NO2 + HO2 + M → HO2NO2 + M (promoted near the surface). A possible mechanism explaining light-
ning enhancement of HO2 is the reaction of lightning generated O3 with OH to produce HO2 and O2. The
regions with HO2 enhancements are around the Melanesia and in the north part of southern America close
to Central America where there is considerable lightning activity.

The effect of lightning on the column density of hydrogen peroxide (H2O2) is also interesting since, as seen in
Figure 15, there are regions in Micronesia, parts of South America (except for MFLUX and CPCAPE), Europe
(only for CTH, CP, and MFLUX), and regions above ∼50◦N (for CTH, CP and CPCAPE) where lightning
promotes the local formation of H2O2 by HO2 + HO2 → H2O2 + O2. In other large land and oceanic regions
H2O2 is depleted due to lightning through its photolysis and by its interaction with OH (H2O2 + OH → HO2
+ H2O).

The way lightning influences on HO2 and H2O2 changes from land to ocean because the vertical injec-
tion profiles of lightning-produced NO are also different over land and over the oceans. According to the
employed vertical distribution of LNOx recommended by Pickering et al. (1998), the injection of NO by light-
ning near the surface (between ground and ≃1.5 km of altitude) is greater over land than over the ocean.
Therefore, the three-body reaction NO2 + HO2 + M → HO2NO2 + M that contributes to deplete HO2 is
more important in the case of LNOx over land.

Figure 15. Enhancement due to lightning of H2O2 column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.
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Figure 16. Enhancement due to lightning of CO column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.

The presence of lightning (and lightning generated NO) produces a depletion in the concentration of CO
(see Figure 16) that expands through the tropical regions. All tested lightning parameterizations produce
the same NO-CO relationship with the MFLUX (and CPCAPE) parameterization predicting the largest CO
depletion, while the ICEFLUX scheme predicts the lowest CO decrease mainly located in the tropical regions
around 10◦S. This behavior could be a consequence of the influence of OH on the lifetime of CO in the
troposphere (Logan et al., 1981). Therefore, the larger the amount of lightning-produced OH the greater
the depletion of CO due to oxidizing reactions such as CO + OH + M → CO2 + HO2 + M or CO + OH →

CO2 + H. The MFLUX and ICEFLUX lightning schemes produce the largest and lowest OH enhancements,
respectively.

There have been reports for the last 25 years suggesting that air highly polluted with SO2 can promote
cloud-to-ground lightning flashes due to increased sulfate aerosol (Kar et al., 2007; Orville et al., 2001;
Soriano & de Pablo, 2002; Steiger et al., 2002; Westcott, 1995). In addition, global average SO2 space-based
observations by GOME between 1996 and 2002 (Khokhar et al., 2005) indicate that the main sources of
atmospheric SO2 emissions are biomass burning in some regions of Africa and the Amazonia, volcanic erup-
tions (Mount Nyiragongo in central Africa, Mount Etna in Sicily, and volcanoes of The Ring of Fire around
the edges of the Pacific Ocean) and massively polluted urban and industrial areas (Beijing region, eastern
Europe, northeastern of the United States, and the heavy mining industry region around the city of Norilsk
above the Artic Circle in Russia).

Figure 17. Enhancement due to lightning of SO2 column density (from ground to 30 km) versus longitude and latitude for the six different lightning
parameterizations implemented in CAM5 in this study. The enhancement is calculated with respect to an atmosphere without lightning.
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According to Figure 17, all lightning parameterizations (especially CTH, CP, MFLUX, and CPCAPE) pre-
dict an enhanced lightning-driven SO2 column density in regions relatively close to the sea with volcanic
eruptions like the Mount Etna region, South America (80–40◦W, 10–30◦S) and the south of Japan. Some
parameterizations (CTH, MFLUX, and CPCAPE and CTH-M) indicate minor SO2 depletion in eastern
Europe and close to the Beijing area (not for MFLUX) (120◦E, 40◦N) where the total ambient SO2 column
reaches its peak (see figure in the supporting information). Our explanation to these results is connected to
the presence of dimethyl sulfide (DMS; an organic compound produced by oceanic plankton) in the sea and
coastal regions that when reacting with lightning-produced OH would generate SO2 through DMS + OH →
SO2 and DMS + OH → 0.5 SO2 + 0.5 HO2. Inside the continents, where the amount of DMS is negligible,
the lightning generated OH would destroy SO2 through SO2 + OH → SO4. These mechanisms could explain
the lightning SO2 production and depletion visible in the maritime (and coastal) regions and in continental
regions of Figure 17, respectively.

4. Summary and Conclusions
The six different lightning parameterizations implemented in CAM5 extend from the surface up to ∼40 km.
Our CAM5 simulations cover a “present-day” year using climatological sea surface temperatures computed
over monthly averages between the year 1982 and 2001. We have used lightning parameterizations based
on the CTH by Price and Rind (1992), maritime upgraded CTH or CTH-M by Michalon et al. (1999), CP
at the surface (for precipitations stronger than 7 mm/day) and on upward mass flux (MFLUX) at 440 hPa
both proposed by Allen and Pickering (2002). Another lightning parameterizations used here are based
on a combination of CPCAPE by Romps et al. (2014) and on upward ice flux at 440 hPa (ICEFLUX) by
Finney et al. (2014). We have used scale factors to match the global lightning frequency (in flashes per
minute) resulting from each of the lightning schemes considered to the global lightning frequency observed
by OTD/LIS.

The six lightning schemes implemented in CAM5 can be divided into two groups according to their r values
(see Table 1). The low r group formed by CPCAPE, MFLUX, and CP with r ranging between 0.388 (CPCAPE)
and 0.448 (CP), and the high r group with CTH-M, CTH, and ICEFLUX with global spatial correlations
between 0.712 (CTH-M) and 0.732 (ICEFLUX). In addition to the global spatial correlations, we have also
calculated the corresponding land/ocean spatial correlations for each parameterization. We found that the
low r group exhibit a relatively high land r (between 0.412 for MFLUX and 0.58 for CPCAPE) but shows
low ocean r (below 0.431 for the three of them). As for the high r lightning parameterization group, all of
them (especially ICEFLUX) reproduce—with a high degree of fidelity (land and ocean r above 0.73 and 0.72,
respectively)—the lightning geographical distribution over the continents and oceans.

We have quantified the influence of the different considered lightning parameterizations on the densities of
NO and NO2 in the troposphere and LS but also on important atmospheric trace gases affected by lightning
activity such as O3, CO, HNO3, SO2, and the hydrogen oxides OH, HO2, and hydrogen peroxide (H2O2). The
lightning NO production rate is also evaluated. The fact that there are no global (only regional) measure-
ments of lightning enhanced NO or NO2 densities complicates comparison with model simulations. Thus,
it is usually more convenient to compare with measured vertical profiles, since depending on region most
UT-NO can be attributed to lightning production (at least in remote regions). However, we have compared
predictions among lightning parameterizations and found that, for all parameterizations, the vertical global
average densities of HO2, H2O2, CO, and SO2 are depleted due to lightning, while those of NO, NO2, O3, OH,
and HNO3 increase. The enhancements of NO and NO2 due to lightning vary between minima of, respec-
tively, 125% (for ICEFLUX) and 150% (for CPCAPE), and maxima of, respectively, >200% and >220% for
MFLUX. The low r group of lightning parameterizations (CP, CPCAPE, and MFLUX) exhibit a clear peak of
the absolute NO density in the UT between ∼15 km and ∼16 km and a decreasing NO concentration from
∼15 km to ∼19 km resembling measurements from the CRYSTAL-FACE 2002 thunderstorm experiment
shown in Figure 4c in Huntrieser et al. (2016a). However, in contrast to this, the high r group of lightning
parameterizations (ICEFLUX, CTH, and CTH-M) show an almost monotonic increase of the NO concentra-
tion from ∼10 km up to ∼18 km where a slight decreasing begins up to ∼20 km. This might suggest that the
predicted IC/CG ratio for high r parameterizations is likely problematic. The implementation of the IC/CG
ratio in GCMs needs further investigation and improvements.

The predicted lightning-produced NOx (averaged over all flashes) varies between a minimum of 310 mol
flash−1 (and 6 Tg N year−1) for the CPCAPE parameterization and a maximum of 441 mol flash−1 (and 8.5
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Tg N year−1) for MFLUX. There are intermediate scenarios like the ones predicted by the CP and ICEFLUX
lighning parameterizations with, respectively, 312 mol flash−1, 5.9 Tg N year−1 and 337 mol flash−1, 6.8 Tg
N year−1. All (except that of MFLUX) these lightning-produced NOx amounts are within the consensus
estimate of 5 ± 3 Tg N year−1 (Schumann & Huntrieser, 2007). The differences in the LNOx averages stem
from the differences in the mean IC/CG flash ratios (see Table 1) between implemented lightning schemes,
which result from differences in cold cloud depths.

Our study provides annual global distributions showing predictions for total (up to 30 km) column densities
of NO, NO2, and the trace gases mentioned before but also the specific contribution of lightning to the col-
umn density. It is in general very difficult to measure how lightning contributes to the column density of NO,
NO2, and other key chemical components of the atmosphere (Pickering et al., 2016). However, our results
agree with the enhancement of NO2 produced by lightning over tropical Atlantic and Africa as reported by
Martin et al. (2007) where it is suggested the regions where column NO2 measurements are likely dominated
by lightning.

With respect to the investigated influence of lightning on traces gases, our results suggest that all parame-
terizations show nonnegligible O3 increase at ∼10◦S over the Atlantic ocean where lightning density and
NO enhancement are relatively small (with respect to the maxima in central Africa) but where advection
of tropospheric ozone and precursors from intense lightning regions of Africa and South America can be
important. According to our CAM5 simulations, lightning can contribute between ∼5% and ∼20% (depend-
ing on the regions) to the total global ambient O3 column density and with the CTH and MFLUX schemes
(in order of importance) being the parameterizations that produce the least O3 lightning enhancement.

Lightning can also contribute to the formation of atmospheric acids such as HNO3. In particular, lightning
can be responsible for up to 25% of the total HNO3 column density with very active regions where lightning
enhanced NO and NO2 is important since the oxidation of NOx by OH to nitric acid is a dominant sink of
NOx and, consequently, limits the lifetime of NOx . The important presence of lightning generated O3 and
HNO3 at ∼10◦S over the Atlantic ocean could be due to transported lightning-produced NOx.

Apart from lightning NOx and ozone, the efficiency of lightning injected NO molecules to produce ozone
depends on the availability of HOx radicals and the lifetime of NOx. A limiting factor for the lifetime of
NOx in the free troposphere is the conversion of NO2 into HNO3, which is soluble and can be eliminated
by precipitating clouds. Therefore, the analysis and quantification of lightning-induced production of OH,
HO2, H2O2, and HNO3 and how they interact with NO and NO2 are important for the production of ozone.

Lightning promotes the formation of OH by oxidative reactions of lightning-produced NO with HO2. All
considered lightning parameterizations predict that lightning enhanced OH is mainly generated through the
tropical and midlatitude regions between ±30◦ latitude. However, there are differences in the geographical
distribution of lightning-produced OH depending on the parameterization used. When the ICEFLUX and
CTH schemes are used, we see that the maritime regions become less active in lightning production of OH
than the other four considered parameterizations.

The effect of lightning on the column density of the hydroperoxyl radical (HO2) and hydrogen peroxide
(H2O2) is interesting since there are continental regions where they are depleted by the action of lightning
through NO + HO2 → NO2 + OH, NO2 + HO2 + M → HO2NO2 + M (promoted near the surface) and
through the photolysis of H2O2 and by its interaction with OH (H2O2 + OH → HO2 + H2O). However, in
other large land and oceanic regions HO2 and H2O2 are promoted by the action of lightning generated O3
with OH to produce HO2 and O2 and by the reaction HO2 + HO2 → H2O2 + O2.

Our simulations predict that the presence of lightning produces a depletion in the concentration of CO—as
a consequence of the influence of lightning-produced OH on the lifetime of CO in the troposphere—that
expands through the tropical regions and that is maximum and minimum when using the MFLUX and
ICEFLUX schemes, respectively.

All used lightning schemes (especially CTH, CP, MFLUX, and CPCAPE) predict an enhanced
lightning-driven SO2 column density in regions relatively close to the sea with volcanic eruptions like
the Mount Etna region, South America (80–40◦W, 10–30◦S) and the south of Japan. The presence of
DMS (an organic compound produced by oceanic plankton) in the sea and coastal regions can react with
lightning-produced OH generating SO2 through DMS + OH → SO2 and DMS + OH → 0.5 SO2 + 0.5 HO2.
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Table 3
Indication—Based on the Six Lightning Schemes Investigated With CAM5—of the Geographical Regions of the World
Where an Increase/Decrease of the Concentrations of NO, NO2, O3, OH, and HO2 Is Expected Due to Lightning

Geographical Region NO NO2 O3 OH HO2

North Africa + + + + + + + + + +++ −
Central Africa + + ++ + + ++ + + ++ + + ++ +
South Africa + + + + + + + + + + + + −
North-Eastern America ++ ++ ++ ++ −
Gulf of Mexico ++ ++ ++ + + + −
Central America (10◦N to 20◦N) + + ++ + + ++ + + ++ + + + +
South America (>30◦S to 10◦N) + + + + + + + + ++ + + ++ + + +
North Europe (>45◦N) No change No change ++ + −
South Europe-Mediterranean ++ ++ ++ + −
North Asia (>45◦N) No change No change/+ ++ + −
South Asia (<45◦N) + + + + + + + + + + + + −
Australia ++ ++ + + + + + + −
Indonesia-Micronesia ++ ++ + + + + + + + + ++
Pacific Ocean (30◦S to 30◦N) ++ ++ + + + + + + −
Atlantic Ocean (30◦S to 30◦N) + + + + + + + + ++ + + + −
Indian Ocean (30◦S to 30◦N) ++ + + + + + + + + + −
North Pole (>70◦N) + + ++ No change No change/−
South Pole (>70◦S) ++ ++ + + + No change No change/−

Note. A + or a − sign stands for an increase or a decrease, respectively. The qualitative degree of increase/decrease is
noted using: very weak: +/−, weak: ++/−−, small: +++/−−−, strong: ++++/−−−−. A “No change” is written when
no variations in the densities studied are predicted. Note that the corresponding quantitative enhancements/decreases
of the chemical species can be seen in previous figures. The symbols used here for the qualitative description were
generated assuming the criterion that “very weak,” “weak,” “small,” and “strong” roughly correspond to, respectively,
<20%, 20–30%, 30–60%, and 75–100% of the absolute enhancement due to lightning in the species column density.

Inside the continents, where the amount of DMS is negligible, the lightning generated OH would destroy
SO2 through SO2 + OH → SO4.

Tables 3 and 4 include a qualitative description of the chemical species analyzed in this work with an indi-
cation of the geographical regions where our CAM5 simulations predict general increases/decreases. The
symbols used in Tables 3 and 4 for the qualitative description were generated assuming the criterion that
“very weak,” “weak,” “small” and “strong” roughly correspond to, respectively, <20%, 20–30%, 30–60%,
and 75–100% of the absolute enhancement due to lightning in the column density of the 9 species listed in
Tables 3 and 4. The criterion is the same for all of the species.

In summary, we have explored the behavior of six different lightning parameterizations with CAM5. For this
particular model, the global and land/ocean spatial correlations (with respect to OTD/LIS observations) of
the different lightning schemes have been calculated. Our calculations may help to constrain the amount
of LNOx and how the lightning NO injected in the atmosphere influences the global concentrations of key
chemical species such as OH, HO2, H2O2, NOx, O3, SO2, and HNO3. Five out of the six lightning schemes
investigated exhibit larger LNOx in the midlatitudes than in the tropics. In particular, it is found that the
ICEFLUX midlatitude LNOx is 42% larger than its predicted tropical LNOx. This is related to the predicted
larger relative amount of cloud-to-ground (CG) lightning in midlatitude regions.

Our results suggest that, when using CAM5, the ICEFLUX lightning parameterization produces a total of
6.8 Tg N year−1 and 337 mol NO flash−1. Based on the ICEFLUX global and midlatitude spatial correlations
of, respectively, 0.732 (the largest one) and 0.632 (well above 0.553 of CTH), it could be considered that
ICEFLUX is the most reliable (with respect to OTD/LIS geographical distribution) lightning scheme among
the tested ones in this study. Finally, the ICEFLUX scheme predicts an enhancement of∼38% (at∼7.5 km) in
the concentration of tropospheric ozone (O3) with respect to ambient values with no lightning and provides
close agreement with ozone sonde measurements at 500 and 250 hPa (Finney et al., 2016).
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Table 4
Indication—Based on the Six Lightning Schemes Investigated With CAM5—of the Geographical Regions of the World
Where an Increase/Decrease of the Concentrations of H2O2, HNO3, CO, and SO2 Is Expected Due to Lightning

Geographical region H2O2 HNO3 CO SO2

North Africa − + + + − − − No change
Central Africa + + + + − − −− No change
South Africa − + + + − − − No change
North-Eastern America − ++ No change No change
Gulf of Mexico − ++ −− No change
Central America (10◦N - 20◦N) − ++ −− No Change
South America (>30◦S - 10◦N) +/++ ++ − − − + (North Russia)
North Europe (>45◦N) − ++ No change No change
South Europe - Mediterranean +/− + + + No change ++ (South Italy)
North Asia (> 45◦N) − ++ No change − (Eastern China)
South Asia (< 45◦N) − + + + − − − No change
Australia −/+ ++ − − − No change
Indonesia - Micronesia + + + ++ −− No change
Pacific Ocean (30◦S to 30◦N) − ++ − − − No Change
Atlantic Ocean (30◦S to 30◦N) − + + + − − − No Change
Indian Ocean (30◦S to 30◦N) − ++ − − − No Change
North Pole (>70◦N) No change ++ No change No change
South Pole (>70◦S) No change ++ No change No change

Note. A + or a − sign stands for an increase or a decrease, respectively. The qualitative degree of increase/decrease is
noted using: very weak: +/−, weak: ++/−−, small: +++/−−−, strong: ++++/−−−−. A “No change” is written when
no variations in the densities studied are predicted. Note that the corresponding quantitative enhancements/decreases
of the chemical species can be seen in previous figures. The symbols used here for the qualitative description were
generated assuming the criterion that “very weak,” “weak,” “small,” and “strong” roughly correspond to, respectively,
<20%, 20–30%, 30–60%, and 75–100% of the absolute enhancement due to lightning in the species column density.

To conclude, our ICEFLUX and CTH results agree with the enhancements of NO2 and O3 produced by
lightning over tropical Atlantic and Africa and the weaker lightning background over the tropical Pacific
reported by Martin et al. (2007). Martin et al. (2007) also indicated that a global source of 6 ± 2 Tg N year−1

from lightning best represented the satellite observations of tropospheric NO2, O3, and HNO3 in the periods
and locations where lightning is expected to dominate the trace gas observations.
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